The chalcone basic skeleton is a unique template which is associated with widespread biological activities. In the present study, a series of novel bichalcones linked with a 1,4-dimethylenepiperazine moiety was prepared through Mannich reaction and Clasien-Schmidt condensation. The synthetic analogs 2-16 were subjected into the cytotoxicity examinations using a panel of 25 human tumor cell lines. Among the tested compounds, 3 and 4 which possessed the 3-pyridyl and phenyl groups as the substructure, respectively, displayed significant cytotoxicity against all the tumor cell lines. The results suggested that these bichalcones were potential to be the anticancer lead drugs.
Chalcones possess a 1,3-diphenyl-2-propen-1-one basic skeleton in which two aromatic rings are connected by a three carbon a,b-unsaturated carbonyl system. They are the intermediates in the biosynthesis of flavonoids which are substances widespread in plants and with an array of biological activities; however, their structure differs considerably from the other members of the flavonoids family. 1) Chalcones are reported with diverse biological activities including antihyperglycemic, 2) antibacterial, 3) antiplatelet, 4) antiulcerative, 5) antimalarial, 6) antiviral, 7) antileishmanial, 8) antioxidant, 9) antitubercular, 10) tyrosinase inhibiting, 11) anti-inflammatory, 12) and analgesic activities. 13) In addition, chalcones exhibited various effects of inhibition on cell proliferation and demonstrated anticancer activities. [14] [15] [16] [17] [18] [19] The bichalcones are well represented in the Anacardiacea family. 20) In general, naturally occurring bichalcones carry either C-O-C or C-C linkage between the two chalcone units. The Rhus genus is also a rich source for bisflavonoids and bichalcones. 21, 22) For examples, natural bichalcones from Rhus pyroides demonstrated various degrees of cytotoxicity, however, they also showed more selectivity toward colon cancer cell lines, especially the HT29 and HCT-116 cell lines. 23) Thus for the development of anticancer lead drugs, the bichalcones were selected as the synthetic targets for preparation of cytotoxic agents.
The Mannich reaction is an important carbon-carbon bond-forming step in organic synthesis, and it has been widely utilized in the synthesis of nitrogen-containing compounds, including natural products and biologically active principles. 24, 25) Mannich bases of chalcones and related compounds displayed significant cytotoxicity towards murine P388 and L1210 leukemia cancer cell lines, as well as a number of other tumor cell lines. 26) The Mannich base group was accompanied by enhancing the bioactivity both in vitro and in vivo. 27) Therefore, introducing a Mannich base group into the bichalcone may enhance the bioactivity. In addition, the extra nitrogen atom may increase the hydrophilicity of the resulted compounds and thus improve their potentials as lead drugs. Considering their pharmacological importance, [28] [29] [30] a series of bichalcones linked with a 1,4-dimethylenepiperazine moiety possessed different substituents in the B-ring of the chalcone basic skeleton were synthesized in the present study. Furthermore, the synthesized analogs (2-16) were tested for cytotoxicity against 25 human tumor cell lines, including GBM-8401, M059K (human glioblastoma cell lines), FaDu (human pharyngeal squamous carcinoma cell line), CE146T/VGH (human esophageal carcinoma cell line), HSC-3 (human oral squamous carcinoma cell line), CAL-27 and SAS (human tongue squamous carcinoma cell lines), A549 and H-460 (human lung carcinoma cell lines), SK1-CP1, Huh7, HepG2 and Hep3B (human hepatoma cell lines), MDA-MB-231 and MCF-7 (human breast adenocarcinoma cell lines), A375 (human melanoma cell line), HeLa (human cervical carcinoma cell line), MG-63 and U-2 OS (human osteosarcoma cell lines), HT-29 and Colo 25 (human colon carcinoma cell lines), NPC-039 and NPC-076 (human nasopharyngeal carcinoma cell lines), and NT-2 and SH-SY5Y (human neuroblastoma cell lines), to construct the preliminary biological profiles of bichalcones. These data could be provided as the bases for further design and development of bichalcones linked with the Mannich base group.
Results and Discussion
The template precursor 1a was prepared by the Mannich reaction among piperazine, paraformaldehyde, and two equivalents of 4-hydroxy-3-methoxyacetophenone (1). The reaction mixture in ethanol was stirred at 120°C and monitored by TLC. After 20 h the reaction was completed and acetophenone dimer linked with 1,4-dimethylpiperazine (1a) was afforded in a good yield (Fig. 1a) . In the 1 H-NMR spectrum of 1a, two singlets at d 7.46 (2H) and 7.28 (2H) were indicative of tetra-substituted aromatic basic skeleton. In the upfield region, one methoxy singlet and one methylene singlet were located at d 3.92 (6H) and 3.80 (4H), respectively. In addition, one broad singlet at d 3.00-2.50 (8H, br s) and one singlet resonated at d 2.53 (6H) indicated the presences of nitrogenated methylene groups and acetyl methyls, respectively. The carbon signal at d 196.5 in its 13 C-NMR spectrum also supported the appearance of acetyl group. On the basis of the above spectroscopic evidences, the structure of this colorless solid was deduced as shown in Fig. 1a .
The structural characteristic of 1a was two acetyl methyl groups on the benzene ring which was ready for the following Claisen-Schmidt condensation with the corresponding aldehydes. In the basic methanol solution, different substituted aromatic or heteroaromatic aldehydes were reacted with 1a to result in the formation of the target compounds 2-16. In the 1 H-NMR spectrum of 2, two doublets at d 8.05 (2H, Jϭ15.0 Hz) and 7.70 (2H, Jϭ15.0 Hz) were characteristic for the trans-double bond of the chalcone basic skeleton. There were also a set of four mutually coupled signals at d 8.62, 7.63, 7.39, and 7.21 characteristic of the four heteroaromatic protons of the 2-pyridyl moiety. In addition, one singlet at d 7.55 (2H) and one multiplet at d 7.39 (2H) indicated the presence of tetra-substituted aromatic ring. In the upfield region, two methoxys, two methylenes, and four nitrogenated methylenes were located at d 3.89 (6H), 3.75 (4H), and 2.46 (8H), respectively. According to the spectroscopic data described above, the structure of this yellow solid was concluded as 2. With the similar procedures, the chemical structures of 3-16 were also identified as shown in Fig.  1b .
The cytotoxicity data of 1a and 2-16 towards 25 human tumor cell lines were summarized in Table 1 and aloeemodin was used as the reference compound. 31, 32) Comparison of the cytotoxicity of 2 and 3, which have 2-pyridyl and 3-pyridyl groups in the B-ring, respectively, displayed the structure effect on the bioactivity. Compound 3 exhibited more significant cytotoxicity against all tested tumor cell lines with IC 50 values ranging from 2.1Ϯ0.08 to 9.8Ϯ0.20 mM (Table 1) , however 2 showed selective cytotoxic activity on CAL-27 and FaDu cell lines with IC 50 values 2.0Ϯ0.05 and 9.8Ϯ0.29 mM, respectively. These results indicate that 3-pyridyl group as B-ring was responsible for potent cytotoxicity in bichalcones linked with 1,4-dimethylenepiperazine. Compound 4, which has phenyl group as B-ring, displayed the most significant cytotoxicity towards all 25 human tumor cell lines with IC 50 values ranges from 2.0Ϯ0.05 to 9.9Ϯ0.10 mM. Introducing any substituents into the phenyl ring would reduce the cytotoxicity. Insertion of hydroxyl group at C-3 position of the phenyl moiety in B-ring as in 5, would result in similar or some weaker cytotoxicity. Only for A375 melanoma cells 5 would show more significant cytotoxicity than 4. If the C-3 hydroxyl group was protected with methyl group as in 6, it would decrease the cytotoxicity against all the tested cell lines. It indicated that the C-3 hydroxy group would be a factor on the cytotoxicity. Another comparison of the structure-activity relationship was found between 6 and 8, which have 3-methoxyphenyl and 4-methoxyphenyl groups as B-ring, respectively. Compound 6 displayed significant cytotoxicity on NPC076 (IC 50 9.9Ϯ0.12 mM), FaDu (IC 50 9.9Ϯ0.15 mM), HSC-3 (IC 50 9.7Ϯ0.10 mM), CAL-27 (IC 50 8.0Ϯ0.08 mM), H-460 (IC 50 8.0Ϯ0.05 mM), A375 (IC 50 8.1Ϯ0.08 mM) and MG-63 (IC 50 7.9Ϯ0.10 mM) tumor cell lines, however 8 did not show any cytotoxicity at concentration of 10 mM. These results inferred that methoxy group at C-4 position in B-ring was responsible for weaker cytotoxicity compared with that at C-3. It could be further confirmed through the weaker cytotoxicity of compounds 7, 9, and 10 since 7 and 9 both possessed the disubstitutions at C-3 and C-4 positions and 10 had similar functional pattern as 8.
Compounds 11 and 12 are positional isomers in B-ring, while 11 showed moderate cytotoxicity on CAL-27, A375 and MG-63 cell lines with IC 50 values 6.2Ϯ0.10, 9.9Ϯ0.12, and 8.1Ϯ0.12 mM, respectively, and 12 was potent on NPC076, FaDu, CAL-27, MDA-MB-231, A375 and MG-63 cell lines with IC 50 values 4.0Ϯ0.15, 6.0Ϯ0.06, 2.0Ϯ0.05, 6.1Ϯ0.10, 8.0Ϯ0.06, and 6.1Ϯ0.06 mM, respectively. From the results for 4-12, the structure-activity relationships could be generalized as follows. The phenyl group as B-ring in the bichalcones would be the most cytotoxic. Insertion of hydroxyl group in the C-3 position of the phenyl ring would decrease the cytotoxicity, however, protection of this hydroxyl group or shift of this substituent to C-4 would reduce the cytotoxicity significantly. Similar results would be found for the chloro substituent. Another heterocyclic five membered ring furan as B-ring in 13, showed significant cytotoxicity on NPC076, CAL-27, FaDu and A375 cell lines with IC 50 values 4.0Ϯ0.06, 9.7Ϯ0.15, 6.1Ϯ0.12 and 5.9Ϯ0.10 mM, respectively. As the B-ring furan group was replaced with 5-methylfuran as in 14, no cytotoxicity would be observed in 14. If the furan group was changed to thiophene as in 15, it displayed selectively cytotoxicity towards CAL-27 cell lines with IC 50 value 2.1Ϯ0.10 mM. But no cytotoxicity would be found if methyl group was introduced into the 3-position as in 16. Consequently, introducing heteroatoms into the B-ring would not enhance the cytotoxic bioactivity of the bichalcones.
In the present study, fifteen novel bichalcones linked with 1,4-dimethylenepiperazine 2-16 were synthesized through Mannich reaction and Clasien-Schmidt condensation. Among these synthetic compounds, 4 was highly active and displayed the most significant cytotoxicity, 33) with IC 50 values lower than 4.0 mM towards GBM-8401, MO59K, NPC 039, NPC 076, FaDu, CAL-27, SAS, MDA-MB-231, A375, and HeLa tumor cell lines. Comparison of the cytotoxicity of 4 with those reported in the previous research results published by our group, 34) the substituents on the aromatic ring significantly reduced the anti-cancer potentials. However, these results still indicated that 4 could be a good candidate for the development of anticancer lead drugs.
Experimental
General The chemicals were acquired from commercial sources and used without further purification unless stated otherwise. The melting points were determined by a Yanagimoto MP-S3 apparatus without correction. The IR spectra were measured on a Shimadzu Fourier transform (FT)-IR Prestige 21 spectrophotometer.
1 H and 13 C-NMR spectra were recorded on a Bruker Avance-300 spectrometer, using tetramethylsilane (TMS) as internal standard; all chemical shifts are reported in parts per million (ppm, d). FAB-MS and high resolution (HR)-FAB-MS spectra were obtained on a JEOL JMS-700 mass spectrometer. Column chromatography was performed on silica gel (70-230 mesh, 230-400 mesh). TLC was conducted on precoated Kieselgel 60 F254 plates (Merck), and the spots were visualized by UV.
Synthesis of 1a To a solution of 4-hydroxy-3-methoxyacetophenone (1) (16.6 g, 100 mmol), paraformaldehyde (3.0 g, 100 mmol), and piperazine (4.3 g, 50 mmol) were added in EtOH (75 ml) at room temperature as previously reported. 25, [35] [36] [37] [38] Then the resulting mixture was heated to reflux for 20 h at 120°C. After completion, the reaction mixture was concentrated under reduced pressure and the crude product was purified by column chromatography to yield a 1,4-dimethylenepiperazine linked acetophenone dimer (1a, 86% General Procedure for the Synthesis of 1,4-Dimethylenepiperazine Linked Bichalcones The general synthetic strategy employed to prepare the bichalcones linked with a 1,4-dimethylenepiperazine moiety was based on the Claisen-Schmidt condensation. As shown in Fig. 1b Compound 1a (1.105 g, 2.5 mmol) and 2-pyridinecarboxaldehyde (0.535 g, 5.0 mmol) were treated as described above and the title compound was isolated as yellow solid in 77% yield. (2) 
2713). (2E,2 E)-1,1 -(5,5 -(Piperazine-1,4-diylbis(methylene))bis(4-hydroxy-

3-methoxy-5,1-phenylene))bis(3-(pyridin-3-yl)prop-2-en-1-one) (3)
Compound 1a (1.105 g, 2.5 mmol) and 3-pyridinecarboxaldehyde (0.535 g, 5.0 mmol) were treated as described above and the title compound was isolated as yellow solid in 87% yield. (3) 
2808). (2E,2 E )-1,1 -(5,5 -(Piperazine-1,4-diylbis(methylene))bis(4-hydroxy-3-methoxy-5,1-phenylene))bis(3-(3-hydroxyphenyl)prop-2-en-1-one) (5)
Compound 1a (1.105 g, 2.5 mmol) and 3-hydroxybenzaldehyde (0.61 g, 5.0 mmol) were treated as described above and the title compound was isolated as yellow solid in 39% yield. (5) 3-(3-methoxyphenyl) prop-2-en-1-one) (6) Compound 1a (1.105 g, 2.5 mmol) and 3-methoxybenzaldehyde (0.68 g, 5.0 mmol) were treated as described above and the title compound was isolated as pale yellow solid in 58% yield. (6) (2E,2 E)-1,1 -(5,5 -(Piperazine-1,4-diylbis(methylene))bis(4-hydroxy-3-methoxy-5,1-phenylene))bis (3-(3,4-dimethoxyphenyl) prop-2-en-1-one) (7) Compound 1a (1.105 g, 2.5 mmol) and 3,4-dimethoxybenzaldehyde (0.83 g, 5.0 mmol) were treated as described above and the title compound was isolated as yellow solid in 60% yield. (7) 151.2, 149.1, 148.1, 144.1, 129.9, 128.0, 122.7, 122.4, 119.8, 119.4,  111.1, 111.0, 110.3, 60.7, 56.1, 56 .0, 55.9, 52.1; FAB-MS m/z (rel. int. %): ϩ , 1), 391 (30), 307 (6), 279 (6), 179 (5), 167 (20), 155 (13) 130.0, 129.9, 127.7, 122.3, 119.8, 119.1, 114.3, 110.9, 60.7, 56.0, 55.3 -3-methoxy-5,1-phenylene))bis(3-(benzo[d][1,3]dioxol-5-yl) prop-2-en-1-one) (9) Compound 1a (1.105 g, 2.5 mmol) and 3,4-methylenedioxybenzaldehyde (0.75 g, 5.0 mmol) were treated as described above and the title compound was isolated as yellow solid in 61% yield. (9) Compound 1a (1.105 g, 2.5 mmol) and 2-chlorobenzaldehyde (0.7 g, 5.0 mmol) were treated as described above and the title compound was isolated as yellow solid in 70% yield. (11) (2E,2 E)-1,1 -(5,5 -(Piperazine-1,4-diylbis(methylene))bis(4-hydroxy-3-methoxy-5,1-phenylene))bis(3-(3-chlorophenyl)prop-2-en-1-one) (12) Compound 1a (1.105 g, 2.5 mmol) and 3-chlorobenzaldehyde (0.7 g, 5.0 mmol) were treated as described above and the title compound was isolated as yellow solid in 63% yield. (12) 38 (6H, m), 3.98 (6H, s), 3.92 (4H, s) 3-methoxy-5,1-phenylene))bis(3-(furan-2-yl) prop-2-en-1-one) (13) Compound 1a (1.105 g, 2.5 mmol) and 2-furaldehyde (0.48 g, 5.0 mmol) were treated as described above and the title compound was isolated as yellow solid in 77% yield. (13) 3-(3-methylthiophen-2-yl) prop-2-en-1-one) (16) Compound 1a (1.105 g, 2.5 mmol) and 3-methyl-2-thiophenecarboxaldehyde (0.63 g, 5.0 mmol) were treated as described above and the title compound was isolated as yellow solid in 72% yield. (16) 4 cells per well in to 96-well plates. After 16 h of incubation, cells were grown to ca. 60% confluence and treated with either vehicle or various concentrations of compounds at 37°C for 36 h before being harvested. The treated cells were washed once with phosphate buffered saline (PBS) and incubated with 0.5 mg/ml MTT for 5 h. The resulting formazan precipitate was dissolved in 100 ml of dimethyl sulfoxide (DMSO) and the optical density (OD) of formazan was determined using an enzyme-linked immunosorbent assay (ELISA) reader (Thermo Labsstems Multiskan Spectrum, Frankin, MA, U.S.A.) at 570 nm. IC 50 values were calculated according to the Logit method.
